An important component of the study of membrane proteins involves the determination of details associated with protein topology -for example, the location of transmembrane residues, specifics of immersion depth, orientation of the protein in the membrane, and extent of solvent exposure for each residue. Solution state NMR is well suited to the determination of immersion depth with the use of paramagnetic additives designed to give rise to depth-specific relaxation effects or chemical shift perturbations. Such additives include spin labels designed to be "anchored" within a given region of the membrane or small freely diffusing paramagnetic species, whose partitioning properties across the water membrane interface create a gradient of paramagnetic effects which correlate with depth. This review highlights the use of oxygen and other small paramagnetic additives in studies of immersion depth and topology of membrane proteins in lipid bilayers and micelles.
Introduction
Membrane proteins play a prominent role in genomics studies and as targets in pharmaceutical chemistry. For example, 45% of all pharmaceuticals target G-protein coupled receptors, which represent a subset of the membrane protein family [1] . Knowledge of the three dimensional structure of representative classes of G-protein coupled receptors and a host of other channel proteins and alpha helical bundles would therefore help towards drug design and understanding molecular mechanisms associated with function. It has also become clear from recent X-ray crystal structures that even the predominantly helical transmembrane proteins possess a wealth of complexity [2] . In many examples, transmembrane helices adopt a significant tilt with respect to the bilayer normal, while reentrant loops, which traverse only a portion of the membrane, and helix kinks, are prevalent. Some membrane proteins may also exist in multimeric states or a distinctly varied ensemble of conformers. Moreover, membrane proteins are dynamic in the sense that transmembrane helices may change both orientation and Available online at www.sciencedirect.com www.elsevier.com/locate/bbamem position in the membrane while disordered loops acquire structure through interaction with binding partners. Thus, experimental methods, which provide residue-specific details concerning immersion depth, are a welcome addition to traditional computational approaches or experimental cross-linking studies which essentially classify regions of the protein as extracellular, cytosolic, or transmembrane. In this review, we outline an NMR-based approach to the determination of residuespecific immersion depth for membrane proteins, which may be used to establish detailed topology models. We then discuss this approach in the context of immersion depth studies of membrane associated peptides or drugs.
Immersion depth and topology

Traditional approaches
In the modern genomics era, computational approaches are quite successful at predicting transmembrane segments and basic protein topology. Such methods rely largely on statistical propensities of certain residues to be located in transmembrane or water facing regions, tendencies for tryptophan residues to be situated near membrane water interfaces, and sequences characteristic of helical hairpins and helical bundles [3] . These topology predictions are often verified by biochemical approaches such as scanning cysteine accessibility mutagenesis [4] [5] [6] , or limited proteolysis in combination with chromatography and mass spectrometry [7] . Other spectroscopic methods make residue-specific measurements of membrane immersion depth, usually through cysteine scanning mutagenesis and the subsequent labeling by either a fluorescent probe or an ESR spin-label [8] . In either case, a soluble paramagnetic species such as Ni(II) or a small soluble fluorescent quenching agent may be added, which upon equilibration will establish a concentration gradient across the membrane water interface. A corresponding gradient of "quenching" effects will then be observed through either ESR power saturation experiments or fluorescence measurements. Quenching will be greatest for solvent exposed residues and weakest for residues lying in the hydrophobic center of the membrane and the protein interior [9] . Conversely, a hydrophobic quenching agent such as molecular oxygen will also partition across the water membrane interface and will be most concentrated in the hydrophobic center of the membrane [8] . In this case, fluorescent probes or ESR spinlabels located in the hydrophobic interior of the membrane and on the protein exterior will experience the greatest quenching effects.
Site-directed spin labeling approaches and 19 F NMR
In studies of membrane protein topology via experimental methods which require cysteine scanning mutagenesis, the measurement of quenching effects from hydrophobic and hydrophilic paramagnetic agents are usually complementary and necessary to discriminate the effect of immersion depth and the extent to which the probe lies on the exterior of the protein. For example, the local structure and dynamics of the prokaryotic voltage-dependent K + channel (KvAP) has been analyzed by ESR and site-directed spin labeling [10] . Through site-directed spin labeling, residue-specific ESR spectra were used to assess local mobility. Accessibility of each spin-labeled residue to oxygen and nickel (II) ethylenediaminediacetate (NiEDDA) was then measured by power saturation experiments, providing a detailed picture of transmembrane and water accessible regions in addition to information on regions associated with the protein interior [10] . ESR applications often invoke a dimensionless parameter, Φ, which effectively represents the logarithm of the ratio of the paramagnetic relaxation rate due to oxygen and the rate due to the soluble additive, such as NiEDDA [11] . To some extent, surface exposure is factored out through this ratio, while Φ depends sensitively on immersion depth. Current ESR applications have made extensive use of site directed spin labeling to probe dynamics, and topological details of membrane proteins. Such information is particularly useful in studies of membrane protein channels where insight into the channel mechanism and structure of both the open and closed states is sought [10, 12, 13 ].
An NMR approach, similar to that performed in ESR studies, may be used to determine details of membrane protein topology. In particular, prominent depth-specific paramagnetic effects are observed by either 19 19 F spin-lattice relaxation times may range from 0.5 s to 30 ms in membranes, depending on surface exposure and immersion depth [14, 15] . In membrane proteins, the goal is typically to add a sufficient quantity of relaxation agent such that the local paramagnetic relaxation rate exceeds homonuclear 1 H-1 H relaxation rates, particularly in proteins which are not significantly deuterated. Analysis of paramagnetic relaxation rates is also straightforward since nuclear spin relaxation is dominated by a dipolar mechanism where the only correlation times which appear in the spectral density terms are associated with the electronic spinspin and spin-lattice relaxation times (on the order of 7 ps ) [16] . In this case, paramagnetic relaxation rates are interpreted without the need for consideration of the dynamics of the local probe. Finally, because both Ni(II) and O 2 possess very short electronic spin relaxation times, line broadening is relatively modest, making it possible to examine more than one resonance at a time. At the same time, O 2 gives rise to sizeable paramagnetic shifts in the case of 19 F NMR, which appear to be of a contact origin and are independent of the oxygen diffusion rate, making analysis in terms of the local O 2 concentration straightforward [17] . In contrast, paramagnetic relaxation rates due to O 2 or Ni(II) obtained through ESR experiments result from a collisionally mediated Heisenberg exchange process and as such are complicated by both the local paramagnetic concentration and diffusion rate [18] .
The NMR equivalent of the ESR site-directed spin labeling experiments involves a cysteine-specific fluorine tag, such as trifluoroacetone, whereupon a prominent 19 F NMR spectrum is observed as shown in Fig. 1B , for a homotrimer of an alpha helical protein, DAGK, consisting of three transmembrane domains per monomer [19, 20] . In the absence of contrast agents, 19 F NMR T 1 and T 2 relaxation times should provide a residue-specific assessment of side chain dynamics. The addition of oxygen causes a significant enhancement of 19 F NMR spin-lattice relaxation rates in addition to a paramagnetic shift as shown in Fig. 1B and A, where the oxygen induced paramagnetic shifts are plotted as a function of residue for a portion of the TM1 segment in the intact homotrimer. Note that the oxygen paramagnetic shift profile associated with the TM1 segment of DAGK, shown in Fig. 1A , exhibits a prominent sinusoidal oscillation with a periodicity of 3.6 residues and an overall envelope which may be modeled by a Gaussian function. The sinusoid reflects the fact that the TM1 segment is helical and only a portion of its surface is in contact with the micelle. Note that local maxima in the sinusoid are associated with micelle exposed residues while the dips in the sinusoid arise from relatively low exposure to oxygen for residues associated with the membrane protein interior. The paramagnetic shifts for the side chains can also represented by a familiar helical wheel diagram, shown in Fig. 1C , where the vector magnitudes are proportional to the oxygen paramagnetic shifts. The paramagnetic shift profile also displays a maximum near residue 40, which is interpreted to reflect the transmembrane residue of greatest immersion depth and on the protein exterior. The helical wheel diagram suggests a 180°region of the helix which exhibits low shifts and is predicted to have extensive inter helical packing.
The above 19 F NMR approach to the study of membrane protein topology is a useful alternative to the site-directed ESR spin-labeling approach and has several potential advantages: (1) interpretation of dynamics and residual order by T 1 and T 2 is straightforward, as is the analysis of paramagnetic relaxation rate and shift data resulting from O 2 or Ni(II). For example, recent 19 F NMR experiments on soluble proteins have made use of paramagnetic effects from Ni(II) and O 2 to distinguish hydrophobicity and solvent exposure [21] ; (2) the cysteine specific fluorine tags, such as bromotrifluoroacetone, are small in comparison to the thiol-specific nitroxide spin-labels. One could therefore anticipate the preparation of double mutants where interhelical distance measurements (up to 5 Å) could be performed. Such measurements are presently performed using ESR over a much greater distance range [22] , although temperature constraints and limitations of double mutants confound the application to some extent; (3) 19 F NMR probes can be easily coupled to the protein lattice through NOE measurements or INEPT transfers creating a wider range of experiments with which to study topology and internuclear distances [23] [24] [25] [26] ; and (4) 19 F NMR topology studies are not limited to the use of cysteine-specific probes. A large body of literature exists on the subject of biosynthetic labeling using fluorinated amino acids such as methionine [27] , isoleucine [28] , phenylalanine [29] , tryptophan [23, 30] , and tyrosine [21, 31] , with the advantage that the "single atom" label is less perturbing while multiple sites in the protein may be probed at once. 19 F NMR chemical shift dispersions are usually significant as evidenced by the 19 F NMR spectrum of 5-fluorotryptophan enriched PagP shown in Fig. 2 , where the fluorotryptophan resonances span 7.5 ppm. PagP is a an 18 kDa bacterial outer membrane enzyme, which catalyzes palmitate transfer from a phospholipid to a glucosamine unit of lipid A [32] . The β-barrel shaped protein, features a prominent hydrophobic binding cleft on the extracellular side of the membrane, within the barrel formed by eight antiparallel β-strands [33] . The protein barrel axis is also suggested to possess a tilt of 25°with respect to the membrane normal [33, 34] . The tilted orientation is preserved by a corresponding band of hydrophobicity around the barrel axis and is reinforced by a ring of aromatic residues, including tryptophan, which are generally arranged at the membrane water interface. The spectrum represented by a black line is the result of oxygenation of PagP at a partial pressure of 35 Atm and shows distinctive chemical shift perturbations, line broadening, and T 1 relaxation enhancement, which vary according to immersion depth. In this preliminary analysis, we distinguish the transmembrane tryptophan residues from those in the loops based on the effects of oxygen and the relative linewidths. There are three downfield peaks which integrate to two of the twelve tryptophan resonances. The relatively weak paramagnetic shifts and line broadening effects associated with these resonances suggests that they originate from 2 of the 3 tryptophans originating in the extracellular loop regions. Their linewidths in the absence of oxygen and heterogeneous line shapes also suggest that they undergo conformational exchange on a slow time scale. Note that the separation of the fluorine resonances suggests that the assignment of one or two additional 19 F NMR resonances, upon incorporation of fluorotryptophan mutant(s), is feasible. In this way, specific inter-residue distances might be measured in membrane proteins through homonuclear 19 NOE measurements, as an alternative to cysteine mutagenesis. Another way of better resolving a 19 F NMR spectrum derived from a biosynthetically labeled protein is to take advantage of a heteronuclear coupling and record the 19 F NMR spectrum as a two-dimensional HSQC or HMQC spectrum. For example, the 13 C-F one bond coupling is typically on the order of 300 Hz and F-H two bond couplings are often on the order of 50-60 Hz [27] making INEPT transfer of magnetization and thus heteronuclear two-dimensional NMR experiments straightforward, given appropriately labeled amino acids. [34] . By comparing the regions where a heightened relaxation rate is observed it is clear that the nuclei associated with the transmembrane β-strands generally experience a heightened paramagnetic relaxation rate. However, there is a significant variation in these rates even within a given transmembrane strand and a partial explanation can be offered by comparing the Boltzmann factor [34] associated with local protein hydrophobicity [i.e., exp(−H i,loc /RT)] as a function of residue, shown in Fig. 3A . The locally averaged hydrophobicity, H i,loc , is determined by a weighted average involving the hydrophobicity of the source residue, the average hydrophobicity of all residues within 3 Å and the average hydrophobicity of residues within a shell between 3 and 6 Å away from the source residue. Clearly, hydrophobicity varies considerably over the surface of the membrane protein and is reflected in the variation of rates. Fig. 3C depicts the amide decay rates upon water saturation. In general, residues belonging to loops and facing the water experience faster decay rates associated with water saturation and the logarithm of the ratio of oxygen paramagnetic relaxation rates to amide decay rates during water saturation (i.e. Φ) roughly correlates with immersion depth. Fig. 4 compares two models of PagP in an idealized version of a micelle. In the first case, the immersion depth axis is proposed to be along the barrel axis, while in the latter case, the immersion depth axis is tilted by 25° [34] . In either model, the detergents are proposed to minimally coat the hydrophobic belt of transmembrane residues from PagP, in such a way as to adopt a radius of curvature that minimizes the micelle free energy. An oxygen gradient is expected to parallel the disorder gradient which should lie along the immersion depth axis. As such we can consider an azimuthal average (i.e. an average of all paramagnetic relaxation rates within a given immersion depth or horizontal slice as shown in Fig. 4 ) and graph this average as a function of immersion depth. The solid line, corresponding to the model which represents the PagP barrel axis as tilted with respect to the bilayer normal, exhibits a clear maximum associated with a depth corresponding to the middle of the membrane, whereas the dashed line associated with the untilted protein gives an unrealistic maximum paramagnetic relaxation rate at a depth not near the membrane center. A detailed examination of the O 2 paramagnetic relaxation rates associated with the PagP backbone provided (i) insight into the position of the N-terminal helix relative to the β-barrel of the enzyme, (ii) evidence of tilt of the barrel axis, and (iii) information about the overall topology of the protein when incorporated into micelles. Much of the data obtained was not accessible by other NMR approaches.
Concluding remarks
In this paper, we have briefly reviewed experiments in which small paramagnetic additives are used to profile membrane protein topology by NMR. The advantage of such small additives is that a concentration gradient and consequently, a paramagnetic gradient is established across the membrane-or micelle-water interface. This may be contrasted with the more traditional approach wherein a nitroxide-labeled lipid or detergent is added to the micelle, giving rise to a range of paramagnetic relaxation effects depending on immersion depth proximity to the spin-label [35, 36] . In the case of dissolved Ni(II) or O 2 , paramagnetic relaxation rates have proven to be very sensitive to local topology. The specific experiments may involve cysteine scanning mutagenesis and site-directed labeling via a fluorinated tag. In this case, pronounced 19 F NMR paramagnetic shifts and/or rate enhancements help to establish information on topology. Alternatively, biosynthetic labeling with specifically fluorinated residues provides more information at once, while homonuclear 19 [34] , methyl protons, and 13 C side chain labels [37] . One theme in this article has been the complementary use of small water soluble and membrane soluble paramagnetic additives such as Ni(II) and O 2 for purposes of measuring membrane immersion depth, solvent accessibility and surface exposure for each residue. We emphasize that the electronic relaxation times of both Ni(II) and O 2 are very short on the NMR time scale, making them relatively weak paramagnetic relaxation agents. Certainly the literature abounds with stronger relaxation agents such as Gd(III) and nitroxide bearing paramagnetic species such as 2,2,6,6-tetramethyl-piperidine-N-oxyl (TEMPO) or 2,2,6,6-tetramethyl-4-hydroxy-piperidin-1-oxyl (TEMPOL), which have been used to assess solvent exposure [38] . This is however, a significant advantage both in terms of the interpretation of paramagnetic relaxation rates resulting from the addition of O 2 or Ni(II), as discussed above, and in terms of the possibility of interrogating multiple labels or sites in the protein at once, since relatively little line broadening results. In our hands the concentrations of chelated Ni(II) species or the partial pressures of O 2 are such that paramagnetic relaxation rates of affected 1 H or 19 F nuclei are on the order of 10-20 Hz. Although the paramagnetic spin-lattice and transverse rates are typically comparable, a 10-20 Hz effect is straightforward to measure via a T 1 (inversion-recovery) experiment since spin-lattice relaxation rates are often on the order of 1-2 Hz in the absence of any additive.
In the study of PagP, the authors resorted to 1 H decays rates arising from water saturation to obtain an impression of the extent of interaction with water for each residue. Unfortunately, the addition of either TEMPOL, a small soluble nitroxide bearing paramagnetic species, or Ni(II) acetyl acetonate caused the sample to precipitate so it is difficult to speculate on the best approach to the measurement of bulk water accessibility. In studies of PagP, the authors noted that relayed effects and cross relaxation from local exchangeable protons such as those on serine residues, gave erroneous measures of water accessibility via water saturation experiments. Current work in our lab has shifted to the use of GdF 3 nanoparticles [39] as paramagnetic additives for the purposes of measuring solvent exposure of both water soluble proteins and membrane proteins. The intention is to affect spin-lattice relaxation rates via water which are sufficiently high to avoid indirect or relayed relaxation effects, while the nanoparticles are at sufficiently low concentrations (i.e. 45 μM) to avoid direct contact with the protein under study.
